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The potentials of thermogravimetry for the determination of the heat of evaporation 
were studied not only for pure substances, but also for aqueous solutions of inorganic 
salts. The model substances used were water, t,4-dioxane, naphtalene, ethanol and 
aqueous solutions of ammonium nitrate with various concentrations, The differences 
between the experimental and literature data do not exceed 5 ~ rel. 

The facility, rapidity and reliabilty of the proposed method are certainly of interest 
in the calculations for technological and equipment design of new chemical plants and 
for physicochemical studies of aqueous salt systems. 

The performance of thermal analysis with the derivatograph opens up wide 
prospects for the complex study of various processes, owing to its facility, rapidity 
and satisfactory reliability. Adonyi [1] reported on the theoretical foundations 
and experimental data of the thermogravimetric determination of the heat of 
evaporation of pure substances. Such data are of importance for calculations 
in the technological and equipment design of new chemical plants, particularly 
for composite fertilizers. In this connection, the present work was dedicated to 
study the applicability of the derivatograph for heat of evaporation determinations 
of inorganic salts in aqueous solution. A comparison to the experimental and 
literature data showed a maximum difference of only 5 ~ tel. 

Experimental 

We studied the evaporation of a number of pure substances and aqueous solu- 
tions of ammonium nitrate with varying concentrations (Table 1). 

The samples were heated from ambient temperature to the end of the process 
in a conical platinum crucible (No. 1). The first sample weighed fully filled up 
the crucible; its mass, depending on the nature of the substance, varied between 
0.17 and 0.60 g. For each substance, a heating rate was selected ensuring optimum 
reproducibility of the thermogravimetric curves and facility of subsequent data 
processing. The rates varied between 1.5 to 4.0 ~ 

As may be seen from Figs 1 and 2, the evaporation of pure substances proceeds 
as an energeticaUy homogeneous process, whereas in the case of the aqueous 
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Table 1 

Comparison of the results of the experimental determination of zlH with data from the 
literature 

Substance 

Distilled water 
Ethanol (96 ~) 
1,4-Dioxane 
Naphtalene 
NH4NO3 solution, 10~ 

30700 
40700 
5070 
60700 
65 70 

Mass of  sample,  
g 

0 40 
0.40 
0.45 
0.17 
0.50 
0.60 
0.60 
0.60 
0.60 
0.60 

zIH, kcal " mol  - I  

l i terat ,  exper. 

9 72 9.5 
9.22 9.2 
7.59 4 

10.4 10.3 
10.16 10.0 
9.95 9.9 

10.13 9.9 
9.83 9.5 

10.05 9.6 
10.02 9.9 

Difference, 
rel. 

2.3 
0.2 
2.6 
1.0 
1.6 
0.5 
2.4 
3.5 
4.7 
1.2 

ammonium nitrate solutions, the shape of the DTG curves reveals a noticeable 
deformation close to the boiling point. This is caused by the considerable sup- 
pression of the active evaporation surface, owing to the increased concentration 
(that is, density) of the solution, above all in the surface layer. 

If  the evaporation process in a thin layer bordering the interface of the phases 
is considered, one may assume, as a good approach, that the process is at equi- 
librium, corresponding for a certain time interval to the condition T = const 
at constant pressure equal to the atmospheric pressure. It has been established 
earlier [I, 2] that the equation 

dx M �9 F 
_ _  . e g  (1)  

d'c ~/2M RT 

may be used for processing the thermogravimetrJc data. By substitution into the 
Clausius-Clapeyron equation, one obtains 

dx AH 
l g - -  - + const. (2) 

dz 2.303 RT 

dx 
where-d-~- r = evaporation rate, M = molecular mass, R = universal gas con- 

stant, F = evaporation surface, T = absolute temperature, Pg = vapour pressure, 
AH = molar heat of evaporation. 

As a result of the repeated condensation of the vapour, only a part of the geo- 
metric area of the interface participates in the evaporation [1, 2], a so-called 
virtual evaporation surface is substituted into Eq. (1). When the order of the re- 
action is zero, the rate of mass loss is equal to the evaporation rate, so that the 
latter can directly be estimated from the DTG curves. The slope of the function 
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Fig. 1, Thermoanalytical  curves of 1,4-dioxane evaporation 
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Fig. 2. Thermoanalytical  curves of water evaporation from a 30 • aqueous ammonium nitrate 
solution 
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(lg d~-zx vs .  - 1} is equal to 2.303-----R'AH This may be used for the graphical deter- 

mination of the average value of the heat of evaporation of the substance in 
question. 

The thermal curves were marked with straight parallel lines at distances of 4 ~ . 
Their point of intersection with the TG curve demonstrates the value of the mass 
loss, and the deviation of the DTG curve from the zero line the value of the evapo- 
ration rate at the given temperature. 

The factor for converting the value of the deviation of the DTG curve from the 
zero line into the dimension mg/s for the evaporation rate was obtained by numer- 
ical deviation of the corresponding TG curve. The chosen distance of 4 ~ in marking 
the thermal curves was converted into minutes by accounting the heating rate. 
The conversion factor was calculated from seven to eight points at different parts 
of the TG curve, and subsequently the average value was taken. 

To demonstrate the reproducibility of the thermogravimetric curves, the TG 
and DTG curves of parallel experiments with a 30 ~ aqueous ammonium nitrate 
solution are presented in Fig. 3. The figure clearly illustrates the suitability of 
utilizing averaged values for the calculation of heats of evaporation. The average 

dx 
values of ~ were obtained from 4 - 6  parallel experiments. 

Tern peroture~~ 

100 150 

I 
50 

0 , ! ~ I ' 

Temperature 9C 
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Fig. 3. Compar ison of thermogravimetric data f rom parallel experiments for a 3 0 ~  aqueous  
a m m o n i u m  nitrate solution 
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Earlier it was demonstrated that Eqs (1) and (2) may only be used for zero- 
order reactions. We calculated the order of reaction for the experimental materials 
by the method of Horowitz and Metzger [3]. As was to be expected, one could 
reckon in all the cases with zero order. 

The value of the average heat of evaporation for aqueous solutions of ammo- 
nium nitrate was determined by Eq. (2), neglecting the slight pressure of 
NH~NO~ vapour [4]. Thus we assumed that the vapour phase is a pure sub- 
stance. 

The temperature interval in which we carried out the calculation of AH was 
determined from the thermoanalytical curves: within this interval, the temper- 
ature curve (T) must be linear and no noticeable break shall appear in the DTG 
curve. The value of the virtual surface area within the chosen interval must be 
constant. This was established by special calculations by Eq. (1). The relationship 

(lg d_x_ vs. 1} - was calculated for each case by the least squares method. 

As shown in Table 1, the maximum difference between literature data and ex- 
perimental data for AH did not exceed 5 ~ rel. 

The results of heat of evaporation calculations were utilized to determine the 
temperature dependence of the pressure of saturated vapour by means of the 
approached Clausius-Clapeyron equation. 

The results of the experimentally obtained temperature dependence of saturated 
water vapour and aqueous ammonium nitrate solutions, resp., were processed 
using the comparative method of physicochemical properties [5-6]. The equation 
for the calculation of water vapour pressure above salt solutions, on the basis 
of the similarity of the temperature dependence of the physicochemical properties 
of the solvent and the solution is known as the Kireev- Othmer equation. It may 
be written in the following form: 

l g P =  KplgPo+KvlgB v. (3) 

Here P and Po, resp., are water vapour pressures above the solution and the pure 
solvent at equal temperatures; Kp is the multiplication factor in the similarity 
transformation, equal to the ratio of the molar heat of evaporation of the sub- 

L 
stance in solution L and that of the pure solvent L0, i.e. Kp = L00 ; Bp is the pres- 

sure increment. Hence, in the coordinate system lg P - lg P0 the experimental data 
relative to the pressures of saturated vapours above the pure solvent and those 
to the solvent can be approached by straight lines. Figure 4 demonstrates this 
on the example of our studied system. 

The values of Kp and Bp were calculated by the least squares method. Figure 5 
shows the dependence of the multiplication factor Kp and of the pressure incre- 
ment Bp on concentration, in aqueous ammonium nitrate systems, and also the 
phase diagram of the H20-NH4NO~ system [7]. 
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A n a l o g o u s  resul ts  [7] o b t a i n e d  by  c o m p a r a t i v e  ca lcu la t ions  o f  the  v iscos i ty  

o f  a n a l o g o u s  systems,  i n c l u d i n g  the  sys tem s tud ied  by  us, m a y  be  r e g a r d e d  as a 

p r o o f  fo r  the  t r u th  o f  the  resul ts  o b t a i n e d  by  the  sugges ted  m e t h o d  [8] a n d  fo r  
its sa t i s fac to ry  accuracy .  

References 

1. Z. ADON~I, Periodica Polytech. Chem. Eng., 10 (1966) 327. 
2. Z. ADoyvg Thermal Analysis, 1 (1966) 255. 
3. H. HoRowi~z and G, METZGER, Anal. Chem., 35 (1963) 1468. 
4. J. D. BRANDER, M. J. NORMAN, J. W. LAWRENCE and J. ROBINS, J. Chem. Eng. Data, 7 (1962) 

227. 
5. V. A. KmEEv, Metody prakticheskich raschetov v terrnodinamike khimicheskikh reaktsy 

(Practical calculation methods in the thermodynamics of chemical reactions), Moscow, 
Khimiya, 1975. 

6. M. KH. KARAP~TYANTS, Metody sravnitelnogo rascheta fiziko-khimicheskikh svoystv 
(Methods or the comparative calculation of physicochemical properties), Moscow, Nauka, 
1965. 

7. L. A. BAKHTIN, N. A. SHAKHOVA and L. S. AKSELROD, Khimicheskaya prom., 8 (1970) 606. 
8. G. K. Tsov, A. I. LOOASHEVA and N. D. TOPOR, Thesises of the papers of the 7th All-Union 

Conference on Calorimetry, Moscow, 1977. 

R~sugr~ -- On 6tudie les possibilit6s d'application de la thermogravim6trie pour la d~termina- 
tion des chaleurs d'6vaporation non seulement pour des substances pures, mats aussi pour des 
solutions aqueuses de sels inorganiques. Les substances~mod~les ufiHs6es sent l 'eau, le 1,4- 
dioxane, la naphtaline, l 'alcool 6thylique et des solutions aqueuses de nitrate d 'ammonium de 
concentrations diverses. Los diff6rences entre les donnees d'exp6rience et celle de la litt6rature 
n 'ont  pas ddpasse 5 p.c. rel. 

La facilit6, la rapidit~ et la fiabilit6 de la mdthode proposde prdsentent un int6rSt certain 
pour les projets technologiques et la conception de dispositifs pour de nouvelles usines chi- 
miques ainsi que pour les 6tudes physicochimiques des syst6mes de sels aqueux. 

ZUSAMMENFASSUNO - -  Die Einsatzm6glichkeit der Thermogravimetrie zur Bestimmung der 
Verdampfungsw~irme wurde nicht nur an reinen Substanzen, sondern auch an w/iBrigen 
LSsungen anorganischer Salze untersucht. Die verwendeten Modellsubstanzen waren Wasser, 
1,4-Dioxan, Naphthalin, Athanol und w/iBrige L6zungen verschiedener Konzentrationen 
yon Ammoniumnitrat.  Die Unterschiede zwischen den Versuchsergebnissen und den Lite- 
ralurangaben (iberschreiten nicht die 5 rel. ~ .  

Die Leichtigkeit, SchnelIigkcit nnd Zuverl~issigkeit der vorgeschlagenen Me, bode sind bei 
der technologischen und apparativen Berechnung neuer chemischer Betriebe und f~r physika- 
lisch-chemische Studien w~igriger Salzsysteme von Interesse. 

Pe3ioMe - -  I/I3y~teHa BO3MO)I-(HOCTb npHMeHeH11n TepMoFpa~HMeTpL, PIeCKOrO MeToAa ~I;~ onpe- 
Jlenem~:~ Ten?JOT rlapoo6pa3oBaH11~ He TOJIbKO q~ICTt~IX BemecrB, HO l~I BO,~HIaIX paCTBOpOB HeopFa- 
HIIHecKHx COJIe~ Ha ;2ep11BaTorpaqbe. B RaHecTBe MO~e.rrb11I,lX BeII~eCTB I4CnOJIb3OBaJI~I Body, 
1,4-,~HoEcaH, 11aqbTar~1111, 3TI,IYIOBbI~ cnHpT 1l BO~I-lbIe pacTBop~I H11TpaTa aMMOH~I~I pa3ni;itlHOfl 
KOHIIeHTpaLIn11. Pacxox~em~e M e ~ y  9Kcnep11MeHTanhablM~ 11 ~ITepaTypHbtM11 3HaqeH~tMH ZI H 
He npeBt,iInacT 5~o OT11. 

~OCTyIn-IOCTb, 6BICTpOTa H HajIeTXHOCTr~ npe~aaraeMoro Merona npeAcTaB~rOT HeCOMHeHftBIFI 
11~Tepec ;lax TexIfOJIOF~I'~eCI~HX H annapaTypHbiX pacueTOB HOBMX XIIMHHec/(HX npo113BOTICTB, 
~bH3ItKO-NIIM~IeCKOFO 11ccnenoaanlln BO~HBIX CoJIeBbIX CI4CTeM. 
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